Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, promotes survival and synaptic plasticity in the human brain. The Val66Met polymorphism of the BDNF gene interferes with intracellular trafficking, packaging, and regulated secretion of this neurotrophin. The human prefrontal cortex (PFC) shows lifelong neuroplastic adaption implicating the Val66Met BDNF polymorphism in the recovery of higher-order executive functions after traumatic brain injury (TBI). In this study, we examined the effect of this BDNF polymorphism on the recovery of executive functioning after TBI. We genotyped a sample of male Vietnam combat veterans consisting of a frontal lobe lesion group with focal penetrating head injuries and a non-head-injured control group for the Val66Met BDNF polymorphism. The Delis-Kaplan Executive Function System as a standardized psychometric battery was administrated to examine key domains of executive functions. The results revealed that the Met allele but not the hypothesized Val allele promotes recovery of executive functioning. Overall, the Met66 carriers in the lesion group performed as well as the Met66 carriers in the control group. The Met66 allele accounted for 6.2% of variance for executive functioning independently of other significant predictors including preinjury intelligence, left hemisphere volume loss, and dorsolateral PFC volume loss. The findings point to different mechanisms of the Val66Met BDNF gene in complex phenotypes under normal and pathological conditions. A better understanding of these mechanisms could be instrumental in the development and application of effective therapeutic strategies to facilitate recovery from TBI.
Introduction
Traumatic brain injury (TBI) is a major public health problem in both civilian and military populations (Ling et al., 2008; Maas et al., 2008) . After TBI, the brain attempts to activate repair mechanisms and stimulate neuroregeneration, which may be facilitated by the presence of a unique family of neurotrophic factors, including nerve growth factor, glia-derived neurotrophic factor, neurotrophin-3, and brain-derived neurotrophic factor (BDNF) (Ray et al., 2002) . In this study, we investigated the relationship between variations in the BDNF gene and recovery of executive functioning in the prefrontal cortex (PFC) after TBI. Damage to the PFC leads to impairment in executive functioning, which normally allows individuals to effectively engage in complex goal-directed behaviors, whereas the domains of perception and language are more often preserved (Bamdad et al., 2003) .
BDNF has emerged as a major regulator of synaptic connections (Huang and Reichardt, 2001) , synaptic plasticity (McAllister et al., 1995; Lu, 2003) , and neural survival and growth (Leibrock et al., 1989; Binder and Scharfman, 2004) . Within the BDNF gene, a distinct haplotype containing a frequent single-nucleotide polymorphism (SNP), located at nucleotide 196 (dbSNP rs6265), produces a G-to-A substitution, which results in a valine-to-methionine (Val66Met) substitution at codon 66 in the propeptide of the BDNF molecule (Chen et al., 2004 (Chen et al., , 2006 . This SNP alters the intracellular tracking and packaging of pro-BDNF, affecting the regulated secretion and neuroplastic effect of mature BDNF .
The Val66Met BDNF polymorphism has been linked to cognitive functioning and clinical pathology . In healthy populations, the methionine (Met) allele has been linked with impaired episodic memory, working memory, and hippocampal function Hariri et al., 2003; Dempster et al., 2005; Tan et al., 2005; Ho et al., 2006) , although a recent study showed a functional advantage for the Met allele when cognitive control, such as response inhibition, is required (Beste et al., 2010) . Furthermore, the Met allele has been associated with lower hippocampal levels of N-acetylaspartate and less gray matter volume throughout the PFC and middle temporal lobes as well as limbic structures such as the amygdala (Pezawas et al., 2004; Ho et al., 2006 Ho et al., , 2007 Montag et al., 2009) . In clinical populations, the Met allele has been associated with a wide range of neurodegenerative and psychiatric disorders such as Alzheimer's disease (Kunugi et al., 2001; Riemenschneider et al., 2002; Ventriglia et al., 2002) and bipolar disorder (NevesPereira et al., 2002; Sklar et al., 2002) , arguing that a common clinical symptom of these disorders is a varying degree of impairment in higher cognitive abilities (Gratacò s et al., 2007; Frustaci et al., 2008) .
To our knowledge, the way in which the Val66Met BDNF polymorphism affects the recovery of executive functions after TBI has not been systematically examined. Here, we genotyped a sample of male Vietnam combat veterans with focal penetrating TBI and administrated the Delis-Kaplan Executive Function System (D-KEFS) (Delis et al., 2001 ) to examine key domains of executive functions. Based on previous evidence, we hypothesized that the valine (Val) allele would allow the PFC to recover executive functioning more effectively, but we discovered that, paradoxically, it was the Met allele that promoted recovery of executive functioning after TBI.
Materials and Methods

Subjects
Veterans were drawn from phase III of the W. F. Caveness Vietnam Head Injury Study (VHIS) registry, which is a prospective, long-term follow-up study of veterans with mostly focal penetrating TBIs (Raymont et al., 2008) . The VHIS has been organized in three phases. For phase I (1967 For phase I ( -1970 , 1221 male American veterans were enrolled who survived penetrating brain injuries suffered in Vietnam from 1967 to 1970 . For phase II (1981 -1984 , 520 veterans of the 1118 survivors from phase I participated in an extensive follow-up clinical study at Walter Reed Army Medical Center. At that time, 85 non-head-injured veterans were recruited as healthy controls from the Veterans Administration records. Those individuals had also served in Vietnam during the same years and were in the same age range as soldiers from the Caveness registry. For phase III (2003 III ( -2006 , 199 head-injured and 56 non-head-injured veterans participated at the Bethesda National Naval Medical Center. Our military population offers a number of methodological advantages including its sample size, relative uniformity, and preinjury variables for comparison with postinjury performance.
The population for this study consisted of a sample of male Caucasian combat veterans (n ϭ 168) divided into a frontal lobe lesion group (n ϭ 121) and a non-head-injured normal control group (n ϭ 47) based on the presence of focal penetrating brain injuries. The groups were matched with respect to age, level of education, handedness, episodic memory, and preinjury intelligence (Table 1 ). All participants gave their written informed consent, which was approved by the Institutional Review Board at the National Naval Medical Center and the National Institute of Neurological Disorders and Stroke.
Neuropsychological testing
Participants underwent neuropsychological testing over a 5-7 d period at the National Naval Medical Center in Bethesda, Maryland. A wide variety of tests were administrated that measure neuropsychological functions such as memory, language, social cognition, and executive functioning. Recent factor analytic studies of neuropsychological measures have shown that executive functions include cognitive flexibility, speed of processing, planning, and reasoning (Boone et al., 1998; Bamdad et al., 2003) . Because executive function is multifaceted, no single executive function test is adequate to assess all these processes. Five subtests of the D-KEFS were administrated, which includes a set of standardized tests for comprehensively assessing five domains of higher-order cognitive executive functions in adults (Delis et al., 2001 ) as follows.
D-KEFS Trail Making Test. The D-KEFS Trail Making
Test measures the examinee's cognitive task switching ability, which is an important ability needed for multitasking, simultaneous processing, and divided attention and represents one aspect of cognitive flexibility. The test consists of a visual cancellation task and series of connect-the-circle-tasks. The primary executive function task is the number-letter switching condition, which is a means of assessing flexibility of thinking on a visual-motor sequencing task. As the dependent variable, we used the number-letter switching completion time score, which is the number of seconds that the examinee takes to complete the number-letter switching condition.
D-KEFS Verbal Fluency
Test. The D-KEFS Verbal Fluency Test measures the examinee's ability of word fluency in an effortful, phonemic format. The examinee is asked to generate words that begin with a particular letter as quickly as possible with each 60 s trial. As the dependent variable, we used the letter fluency total correct score, which represents the number of correct words generated for each trial.
D-KEFS Sorting Test. The D-KEFS Sorting Test measures the examinee's ability of problem-solving behavior (i.e., the verbal/nonverbal modality-specific problem-solving skills, ability to transfer sorting concepts into action, and ability to inhibit previous description responses to engage in flexibility of thinking). This subtest includes two conditions. In the free sorting condition, the examinee is presented with mixed-up cards that display both stimulus words and various perceptual features. The examinee is asked to sort the cards into two groups, according to as many different categorization rules, or concepts as possible and to describe the concepts used to generate each sort. In the sort recognition condition, the same sets of cards are each sorted by the examiner into two groups. After each sort made by the examiner, the examinee attempts to identify the correct categorization rule or concept used to generate the sort. As the dependent variable, we used the combined free sorting and sort recognition description score, which is based on the sum of correct description scores in the free sorting and sort recognition condition.
D-KEFS Twenty Question Test. The D-KEFS Twenty Question Test measures the examinee's ability of reasoning (i.e., to perceive categories, formulate abstract yes/no questions, and incorporate feedback information into proceeding questions). The examinee is given illustrations of common objects and must ask the fewest number of yes/no questions possible to identify an unknown target object. The fewer yes/no questions an examinee asks, the better his performance on the test. As the dependent variable, we used the total questions asked score, which is based on the number of yes/no questions asked until the target object has been identified.
D-KEFS Tower
Test. The D-KEFS Tower Test measures the examinee's ability for spatial planning. The objective is to move disks that vary in size from small to large across three vertical pegs to construct a designated tower displayed pictorially, in the fewest number of moves possible. Participants must also follow two rules while constructing the tower: they are allowed to move only one disk at a time and they must never place a larger disk over a smaller disk. As the dependent variable, we used the total achievement score, which measures the correct number of constructed towers.
In addition, to determine the specification of the BDNF genotype effect on the recovery of executive functioning, two internal control variables were assessed. First, since the Val66Met BDNF polymorphism has been shown to modulate episodic memory and hippocampal function Dempster et al., 2005) , episodic memory was assessed by choosing the delayed score of the logical memory subtest of the Wechsler Memory Scale, version III (WMS-III) (Wechsler, 1997) , which reflects the amount of information from stories that a subject can recall after a 30 min delay. Second, since general intelligence was the only preinjury cognitive measure in this study, preinjury and postinjury general intelligence were assessed by computing percentile scores from the Armed Forces Qualification Test (AFQT-7A) (United States Department of Defense, 1960) , which is composed of four subtests (vocabulary knowledge, arithmetic word problems, object-function matching, and mental imagery) via multiple choice questions. This test has been extensively standardized by the United States military and correlates highly with the Wechsler Adult Intelligence Scale (WAIS) intelligence quotient scores (Grafman et al., 1988) .
Computed tomography acquisition and analysis
The axial computed tomography (CT) scans were acquired without contrast in helical mode on a GE Electric Medical Systems Light Speed Plus CT scanner at the Bethesda Naval Hospital. Structural neuroimaging data were reconstructed with an in-plane voxel size of 0.4 ϫ 0.4 mm, an overlapping slice thickness of 2.5 mm, and a 1 mm slice interval. Lesion location and volume from CT images were determined using the interactive Analysis of Brain Lesions (ABLe) software implemented in MEDx, version 3.44 (Medical Numerics) (Makale et al., 2002; Solomon et al., 2007) . Lesion volume was calculated by manually tracing the lesion in all relevant slices of the CT image in native space, and then summing the trace areas and multiplying by slice thickness. Manual tracing was performed by a trained psychiatrist (V.R.) with clinical experience of reading CT scans. The lesion tracing was then reviewed by an observer who was blind to the results of the clinical evaluation and neuropsychological testing (J.G.) enabling a consensus decision to be reached regarding the limits of each lesion. The CT image of each individual's brain was normalized to a CT template brain image in Montreal Neurological Institute (MNI) space. The spatial normalization was performed with the automated image registration (AIR) algorithm (Woods et al., 1993) , using a 12-parameter affine fit. Note that both the patient's brain and the MNI template's brain are first skull-stripped to maximize the efficacy of the AIR registration from native space to MNI space. In addition, voxels inside the traced lesion were not included in the spatial normalization procedure. Afterward, the percentage of automated anatomical labeling (AAL) structures that were intersected by the lesion was determined by analyzing the overlap of the spatially normalized lesion image with the AAL atlas (Tzourio-Mazoyer et al., 2002) .
To examine the role of the PFC in executive functioning, four regions of interest (ROIs) within the PFC were defined-ventromedial PFC (vmPFC), ventrolateral PFC (vlPFC), dorsomedial PFC (dmPFC), and dorsolateral PFC (dlPFC)-by selecting structures from the AAL atlas (Tzourio-Mazoyer et al., 2002) and specifying the lower and upper x-z coordinates in MNI space. Lesion measurements included percentage of total volume loss, corrected left and right hemisphere volume loss, and corrected vlPFC, dlPFC, vmPFC, and dmPFC volume loss. Full description of those ROIs can be found in Table 2 .
Genotyping
All participants were genotyped for the single-nucleotide (G196A) polymorphism (SNP) of the BDNF gene that is located on chromosome 11p13 (Maisonpierre et al., 1990) . The Val66Met polymorphism of the BDNF gene (dbSNP identifier: rs6265; GenBank accession number 2174122) is a G-to-A substitution, which results in replacement of the Val at codon 66 of the BDNF protein by Met. Individuals who are G/G homozygous produce only the Val-containing isoform of the proBDNF protein, A/A homozygous individuals produce only the Met-containing isoform of proBDNF, and G/A heterozygous individuals produce both protein isoforms. Note that groups with Met/Val and Met/Met genotypes were combined for statistical analyses into a Met/Ϫ BDNF group (normal control group: Val/Val ϭ 29, Val/Met ϭ 16, Met/Met ϭ 2; frontal lobe lesion group: Val/Val ϭ 73, Val/Met ϭ 45, Met/Met ϭ 3), since the frequency of the Met/Met genotype was low and the Met/Met-containing BDNF molecules are functionally equivalent to Met/Val BDNF proteins (Chen et al., 2004) .
Genomic DNA was isolated from blood leukocytes using a Nucleon BACC2 kit according to the manufacturer's protocol (GE Healthcare Life Science). Quality and quantity of genomic DNA were determined spectrophotometrically using the absorbance reading at 260 and 280 nm. Some DNA samples were repurified by incorporating an additional phenol/chloroform (24:1 v/v) extraction before recovery by ethanol precipitation. DNA concentrations were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). The completion rate of each assay was Ͼ99%, with an error rate of Ͻ1%. Val66Met BDNF genotypes at rs6265 were determined using a 5Ј-exonuclease allelic discrimination (TaqMan) assay using Reference SNP ID: rs6265 (ABI Assay on Demand C_11592758_10; Applied Biosystems), on an ABI7900 instrument. Genotyping error rate for this assay was determined by replicate genotyping of samples and was Ͻ 0.005.
All participants were also genotyped for the catechol-O-methyltransferase (COMT) Val158Met polymorphism (GenBank accession no. Z26491) that has also been associated with the modulation of executive functioning (Egan et al., 2001; Joober et al., 2002) . A 5Ј nuclease assay using fluorogenic detection probes was performed based on the G1947A single nucleotide polymorphism within exon 4 of the COMT gene (NCBI nucleotide accession number Z26491), corresponding to codon 158 of the COMT gene (NCBI accession number BC011935). The detection oligonucleotide sequences were as follows: 5Ј-Fam6-CCTTGTCCTTCAcGCCAGCGA-TAMRA-3Ј (Val158 detection probe) and 5Ј-Vic- ACCTTGTCCTTCAtGCCAGCGAAAT-TAMRA-3Ј (Met158 detection probe). FAM is 6-carboxyfluorescein, and TAMRA is 6-carboxytetramethylrhodamine. The variant nucleotide in each detection probe is shown in lowercase. The oligonucleotide primers used for amplification were 5Ј-TCGAGATCAACCCCGACTGT-3Ј (forward) and 5Ј-AACGGG-TCAGGCATGCA-3Ј (reverse). Target DNA amplification, fluorescence measurements, and allele discrimination were accomplished using a ABI 7900 Sequence Detection System (Applied Biosystems). Genotype frequencies for the Val66Met BDNF and Val158Met COMT polymorphisms were tested for Hardy-Weinberg equilibrium (HWE) applying Fisher's exact tests. The distributions did not differ from HWE expectations for either the case or control groups.
Statistical analysis
Behavioral data analysis was performed using SPSS 15.0. Raw scores on each executive function test were compared with published norms derived from age-and sex-matched populations, and transformed into z-scores to express the deviation from the normal mean. Because executive functions are multifaceted (Boone et al., 1998; Bamdad et al., 2003) , a total executive functioning (EF) score was calculated that represents the average of the z-scores from the five individually administered subtests (multitasking, verbal fluency, problem solving, reasoning, and planning). The relationship between variations in the BDNF genotype and recovery of executive functioning was analyzed in several ways. First, the association between the BDNF genotype and the recovery of executive functioning after TBI was examined using a 2 ϫ 2 ANOVA with group (frontal lobe lesion vs normal control) and genotype (Val/Val vs Met/Ϫ) as between-subjects factors. In planned follow-up analyses, the EF scores among the Val/Val and Met/Ϫ carriers in each group were compared using between-subjects t tests, and effect sizes (Cohen's d) were calculated representing the observed difference in the EF performance between groups (d ϭ 0.2 indicates a small effect size; d ϭ 0.5, a medium effect size; and d ϭ 0.8, a large effect size) (Cohen, 1988) .
Second, the specification of the BDNF genotype effect on the recovery of executive functioning was determined by assessing two internal control variables. On the one hand, since the Val66Met BDNF polymorphism has been shown to modulate episodic memory and hippocampal function Dempster et al., 2005) , episodic memory scores from the WMS-III (Wechsler, 1997) were compared among the Val/Val and Met/Ϫ carriers in the frontal lobe lesion and normal control groups using a 2 ϫ 2 ANOVA with group (frontal lobe lesion vs normal control) and genotype (Val/Val vs Met/Ϫ) as between-subjects factors. In planned follow-up analyses, the episodic memory scores among the Val/Val and Met/Ϫ carriers in each group were compared using between-subjects t tests. On the other hand, since general intelligence was the only preinjury cognitive measure in this study, preinjury and postinjury general intelligence scores were compared among the Val/Val and Met/Ϫ carriers in the frontal lobe lesion and normal control groups using a mixed 2 ϫ 2 ϫ 2 ANOVA with time (preinjury vs postinjury) as a within-subjects factor and group (frontal lobe lesion vs normal control) and genotype (Val/Val vs Met/Ϫ) as between-subjects factors. In planned follow-up analyses, the preinjury and postinjury intelligence percentile scores were compared between the frontal lobe lesion and normal control populations using between-subjects t tests and among the Val/Val and Met/Ϫ carriers in each population across time using within-subjects t tests.
Finally, the relative contribution of the BDNF genotype on the recovery of executive functioning was estimated. A stepwise multiple linear regression analysis was applied including the total EF score as the dependent variable and the Val66Met BDNF genotype, COMT Val158Met genotype, preinjury intelligence, age, education, brain volume loss (left and right hemisphere) and PFC volume loss (vlPFC, dlPFC; vmPFC, and dmPFC) as predictor variables. Importantly, the analysis allowed an estimation of the relative contribution of each predictor to the total EF score and controls at the same time controlling for potential confounding factors that may also influence executive functioning.
Results
Demographic variables and size of lesion volume loss between the Val/Val and Met/Ϫ carriers in the frontal lobe lesion group were compared to ensure no confounds with potential Val66Met BDNF genotype effects on the recovery of executive functioning. No group differences were found on basic demographic variables including age, education, handedness, episodic memory, and preinjury and postinjury intelligence (Table 3) . Preinjury intelligence score correlated significantly with education (r ϭ 0.35; p Ͻ 0.001) and postinjury intelligence score (r ϭ 0.65; p Ͻ 0.001), indicating the higher the preinjury intelligence score was, the higher were the level of education and the postinjury intelligence score. The majority of the penetrating brain injuries were attributable to low-velocity shrapnel wounds that were outlined using CT brain scans (Fig. 1 A) . There were no group differences based on the size of lesion volume loss (total brain: t (119) (Fig. 1 B) . To evaluate the association between BDNF genotype and recovery of executive functioning, the total EF scores among the Val/Val and Met/Ϫ carriers in the frontal lobe lesion and normal control populations were compared. The two-way ANOVA revealed a nonsignificant main effect for genotype (F (1,164) ϭ 0.28; p Ͻ 0.598), but a significant main effect for group (F (1,164) ϭ 4.07; p Ͻ 0.045) and a significant interaction effect for group by genotype (F (1,164) ϭ 7.18; p Ͻ 0.008). Planned follow-up analyses for the frontal lobe lesion group demonstrated that the Met/Ϫ carriers performed significantly better than the Val/Val carriers (t (119) ϭ 2.84, p Ͻ 0.005; Cohen's d ϭ 0.53) (Fig. 2 A) . No genotype effect was found in the Val/Val and Met/Ϫ carriers in the normal control group (t (45) ϭ Ϫ1.62, p ϭ 0.11; Cohen's d ϭ 0.48) (Fig. 2 B) . The Met/Ϫ carriers in the frontal lobe lesion group performed as well as the Met/Ϫ carriers in the normal control group (t (64) ϭ 0.39, p ϭ 0.69; Cohen's d ϭ 0.12), whereas the Val/Val carriers in the frontal lobe lesion group performed significantly worse than the Val/Val carriers in the normal control group (t (116) ϭ Ϫ3.94, p Ͻ 0.001; Cohen's d ϭ 0.90) (Fig. 3) .
To examine the specificity of the BDNF genotype effect on the recovery of executive functioning, the associations between BDNF genotype and episodic memory as well as general intelligence were evaluated. For the episodic memory, the two-way ANOVA revealed nonsignificant main effects for group (F (1,164) ϭ 1.82; p ϭ 0.18) and genotype (F (1,164) ϭ 0.19; p ϭ 0.67) as well as a nonsignificant interaction effect for group by genotype (F (1,164) ϭ 1.58; p ϭ 0.21), indicating that the Val66Met BDNF polymorphism has no effect on episodic memory. For the general intelligence, the three-way ANOVA revealed only a significant main effect for group (F (1,166) ϭ 8.62; p Ͻ 0.004) and a significant interaction effect for group by time (F (1,166) ϭ 18.45; p Ͻ 0.001), but nonsignificant main effects for genotype (F (1,166) ϭ 0.38; p ϭ 0.54) and time (F (1,166) ϭ 1.80; p ϭ 0.18) and nonsignificant interaction effects for group by genotype (F (1,166) ϭ 2.06; p ϭ 0.15), genotype by time (F (1,166) ϭ 3.41; p ϭ 0.08), and group by genotype by time (F (1,166) ϭ 2.29; p ϭ 0.132). Planned follow-up analyses showed that the frontal lobe lesion and normal control populations did not differ in their preinjury intelligence (t (166) ϭ Ϫ1.64; p ϭ 0.11), but in their postinjury intelligence (t (166) ϭ Ϫ5.52; p Ͻ 0.001), indicating that the frontal lobe lesion group had a lower postinjury intelligence than the normal control group. Furthermore, within the frontal lobe lesion group, the general intelligence decreased from preinjury to postinjury for both the Val/Val (t (70) ϭ 4.78; p Ͻ 0.001) and the Met/Ϫ (t (42) ϭ 4.15; p Ͻ 0.001) groups, demonstrating no BDNF genotype effect on general intelligence.
Finally, within the frontal lobe lesion group, the relative contribution of the Met allele to recovery of executive functioning was estimated using a stepwise multiple linear aggression analysis. Four significant models emerged that allowed an estimation of the relative contribution of each predictor to the total EF performance. The final model that explained most of the variance (F (4,112) 
Discussion
The study provides compelling evidence for a relationship between variations in the Val66Met BDNF polymorphism and recovery of executive functioning after penetrating TBI. In previous studies, the Met allele had been found to be associated with relatively impaired cognitive functions in healthy individuals Hariri et al., 2003) and impaired executive functioning performance in a psychiatric population (Rybakowski et al., 2003 (Rybakowski et al., , 2006 . However, in this study, we demonstrated that the Met allele is protective for higher-order executive functions in patients with PFC damage after TBI. For the TBI group, Met carriers showed significantly better recovery of executive functioning compared with the Val carriers. In fact, Met/Ϫ carriers in the TBI group performed as well as the Met/Ϫ carriers in the control group. Importantly, the observed BDNF genotype effect was specific to the recovery of executive functioning after TBI, since it did not occur for general intelligence and episodic memory. The nonsignificant BDNF genotype effect on episodic memory seems to differ from previously published findings for performances on memory-related tasks. However, whereas some studies found impaired episodic memory performances in Met carriers compared with Val/Val homozygotes Hariri et al., 2003; Dempster et al., 2005) , other studies did not find such a significant association (Strauss et al., 2004; Harris et al., 2006; Karnik et al., 2010) . One reason that may have undermined our ability to detect a significant effect is that we grouped our single Met/Met homozygote (two for normal control group, three for frontal lobe lesion group) with the more numerous Val/Met heterozygotes. Notably, in one previous study in which the Val66Met genotype was found to have an effect on memory performance , Met/Met homozygotes (n ϭ 6) were compared with Val/ Val homozygotes (n ϭ 91) and heterozygotes for Val/Met (n ϭ 36). However, the positive result of this study was primarily based on the comparison of the six Met/Met homozygotes, but a significant difference was not found between the Val/Met and Val/Val groups. Another reason may have been that the stimuli used for our episodic memory test were not controlled for emotional valence. A recent fine-mapping study of the BDNF gene revealed only a modulatory influence of the Val66Met BDNF genotype on episodic memory based on emotional valence (Cathomas et al., 2010) . In particular, Val/Val homozygous individuals showed better free recall performances than Met carriers for stimuli with positive content but not with negative or neutral contents.
A final reason may have been age-related effects in our veteran populations (average of 59 years) and the modulatory influence of the Val66Met BDNF genotype in human hippocampal aging. A recent functional magnetic resonance imaging study by Sambataro et al. (2010) showed a significant age-related decline in activation of posterior hippocampal region bilaterally during encoding and retrieval phases. Importantly, although Met carriers showed a significantly steeper slope in age-related decline in hippocampal activation bilaterally during encoding and retrieval phases relative to Val/Val individuals, Met carriers showed greater bilateral inferior frontal activation with increasing age during retrieval relative to Val/Val individuals, possibly reflecting a compensatory response to maintain memory performance. Because in our TBI group Met carriers showed significantly better recovery of executive functioning relative to Val/Val carriers under the same PFC volume loss, Met carriers may have been better in compensating to maintain memory performance relative to Val/Val carriers, which could have led to similar memory performances in both groups. In summary, these ambiguous results show the importance of additional studies to examine whether memory performance is influenced by the Val66Met BDNF polymorphism. Overall, our current result for the recovery of executive functioning suggests that the Met allele confers an advantage in complex phenotypes that are measured in patients with TBI.
What was the relative contribution of the Met allele to the recovery of executive functioning in the presence of other factors such as age, preinjury intelligence, and volume brain loss? Preinjury intelligence accounted for 19.0% of performance variance, indicating that the higher the preinjury intelligence, the better the recovery of executive functioning performance. This finding confirms that preinjury intelligence is one of the most consistent and powerful predictors of cognitive outcome after brain injury (Gao et al., 2000; Kesler et al., 2003; Raymont et al., 2008) . Moreover, the magnitude of brain volume loss in the left hemisphere (18.3%) and in the dorsolateral PFC (6.4%) explained another 24.7% of performance variance. Greater brain volume loss lead to a poorer performance, confirming evidence that the left hemisphere and especially the dorsolateral PFC are prominently associated with executive functioning (Delis et al., 2001; Stuss et al., 2002; Huey et al., 2009) . Importantly, the BDNF genotype accounted for 6.2% of performance variance in the presence of the Met66 allele independently of the function of the COMT Val58Met polymorphism, which affects dopamine concentration in the PFC and modulates executive functioning (Egan et al., 2001; Joober et al., 2002) . The BDNF genotype effect is similar in size to previously shown effects of other genetic polymorphisms on the performance of prefrontal cognitive functions (Egan et al., 2001) or the effect of the Val66Met BDNF polymorphism on genetic variance in neuroticism (Sen et al., 2003) .
Although the molecular mechanisms underlying the association of the Val66Met BDNF gene and recovery of executive functioning after TBI are not clearly understood, a reasonable explanation for our findings can be constructed. An early upregulation of BDNF has been demonstrated in both animal models of experimental brain injury (Clark et al., 1994) and in individuals with severe TBI (Chiaretti et al., 2003) . BDNF is synthesized in the brain as a propolypeptide, which can be processed either intracellularly or extracellularly by intracellular cleavage to mature BDNF followed by secretion, secretion followed by extracellular cleavage to mature BDNF, or secretion without subsequent cleavage (Lu et al., 2005) . Because proneurotrophins are important for proper folding, dimerization, and targeting of the mature neurotrophins, substituting Met for Val in proBDNF results in defective intracellular protein trafficking, packaging, and regulated secretion Chen et al., 2004) .
ProBDNF and mature BDNF have two distinct receptors and signaling cascades resulting in opposing effects on the nervous system (Lu et al., 2005) . Whereas mature BDNF binds with high affinity to the TrK B receptor tyrosine kinases (TrkB) and insures cell survival (Chao, 2003) , proBDNF binds with high affinity to the multifunctional p75 neurotrophin receptor (p75 NTR ) and triggers apoptosis (Lee et al., 2001; Teng et al., 2005) . Importantly, proneurotrophins are upregulated in pathological conditions such as brain injury (Lu et al., 2005) . Particularly, proBDNF is secreted by neurons and glial cells (Chen et al., 2004; Teng et al., 2005) , when cell death prevails after brain trauma (Harrington et al., 2004; Volosin et al., 2006) . After injury, p75 NTR and many binding partners are dynamically regulated and produce unique, multimeric receptor complexes. One such binding partner is sortilin, which specifically binds the prodomain of BDNF and serves as a coreceptor with p75 NTR in mediating cell death (Nykjaer et al., 2004) . For example, when the interaction between proBDNF and sortilin/p75 NTR was blocked by sortilin (a protein that is a member of the recently discovered family of Vps10p-domain receptors) antagonists, the apoptotic actions of proBDNF on cultured sympathetic neurons were abolished (Teng et al., 2005) . Moreover, lesioned corticospinal neurons with lower sortilin expression were more likely to survive the injury (Jansen et al., 2007) .
By extension, the reduced secretion of proBDNF Met because of impaired intracellular trafficking might be one plausible molecular model for protecting individuals with the Met allele, especially in situations when a substantial subpopulation of neurons is undergoing cell death as may occur in TBI. Functionally, the Val66Met substitution does not alter the relative proportion of proBDNF and mature BDNF secreted. However, in transfected neurosecretory cells, levels of Val/Met BDNF released after activation (via the regulated secretion) by Val/Met cells are much like cells producing Met/Met BDNF (Chen et al., 2004) . This functional effect of Met BDNF justifies grouping of Val/Met and Met/ Met genotypes. The reduced secretion would be predicted based on an individual's Val66Met BDNF genotype. Future molecular and cellular studies on the regulation of proBDNF secretion after neuronal injury will be required to verify this proposed molecular mechanism.
Other recent research supports our observation for increased cognitive performance by carriers of the Met allele. A recent study in healthy individuals revealed a positive effect of the Met allele for a cognitive control function, namely response inhibition (Beste et al., 2010) . Furthermore, the presence of the Met allele was associated with reduced cognitive decline in patients with multiple sclerosis (Zivadinov et al., 2007) or systemic lupus erythematosus (Oroszi et al., 2006) . Finally, recent meta-analyses of population-based case control studies on the Val66Met BDNF polymorphism and mental disorders revealed that the Met allele exerts a protective effect for substance-related disorders (Gratacòs et al., 2007) and results in decreased neuroticism as a vulnerability trait for anxiety (Frustaci et al., 2008) . Thus, the weight of evidence suggests that the functional effect of the Met allele may vary between cognitive functions and brain regions under normal and pathological conditions.
There are a number of limitations of the current study. First, in any investigation attempting to link a gene with a discrete change in cognitive functioning or pathology, it is often unclear how different genotypes lead to altered phenotypes. Instead of an identified genetic variant having a direct effect on executive functioning, it is plausible that the genetic variation mediates its effect(s) through a downstream functional change or through the regulation of some other gene. These caveats must be kept in mind, although we controlled for the Val158Met COMT polymorphism in this study, a gene that modulates dopamine concentration in the PFC and modulates executive functioning (Egan et al., 2001; Joober et al., 2002) . However, future genotyping studies are necessary to explore whether the recovery process may be mediated by other candidate genes such as those from the neurotrophic factor and TrK receptor families.
Second, since our performance measures were determined 30 years after TBI in participants generally in their late 50s, a number of long-term changes in BDNF expression, directly, or indirectly, could potentially impact executive functioning. For example, neuroprotective gene expression is altered in the elderly: TrkB mRNA levels are reduced markedly in all portions of cortex (Romanczyk et al., 2002) . In addition, although changes in brain levels of apoptotic genes such as p75 NTR remain unchanged through adulthood, sortilin levels are increased with age, suggesting a mechanism that could shift the balance to neurodegeneration with increasing age (Al-Shawi et al., 2008) . A recent study in healthy individuals revealed a faster rate of executive control decline on a task-switching task that varied as a function of the Val66Met BDNF polymorphism in old age (Erickson et al., 2008) . Over a 10 year span, Val/Val carriers performed better than Met/Ϫ carriers at the average age of 65, but later at the average age of 75, Val/Val carriers performed worse than Met/Ϫ carriers. However, the trajectory of age-related cognitive decline cannot fully explain our findings. The average age in both of the TBI and control groups was 59. In addition, age was not a significant predictor for executive functioning performance in the multiple linear regression analysis in our TBI group. In the future, longitudinal studies starting shortly after a TBI are needed to explore the long-term molecular and cellular basis of the Val66Met BDNF polymorphisms on potential recovery of executive functioning and other cognitive domains.
In conclusion, our findings provide novel evidence for a relationship between the Met allele and the recovery of executive functioning after penetrating TBI. Our results also point to different mechanisms of the Val66Met BDNF gene in complex phenotypes when examining patients with a neurological disorder or insult such as a traumatic brain injury. These findings justify the conservation of the Met allele across generations as an evolutionary advantage (Tettamanti et al., 2010) . For current clinical application, earlier triage and extended cognitive rehabilitation is recommended for carriers of the Val/Val allele to facilitate the best possible long-term social and vocational outcomes for patients with PFC damage after TBI.
